Background: Wall shear stress is thought to play a critical role in the local development of atherosclerotic plaque and to affect plaque vulnerability. However, current models and hypotheses do not fully explain the link between wall shear stress and local plaque development. We aimed to investigate the relation between wall shear stress and local plaque development in surgically induced common carotid artery stenoses of hypercholesterolemic minipigs. Materials, Methods and Results: We created a surgically induced stenosis of the common carotid artery in 10 minipigs using a perivascular collar. We documented the flow and shear stress changes by ultrasound, magnetic resonance imaging, and computational fluid dynamics. Carotid plaques were documented by microscopy. Atherosclerotic lesions, in both pre-stenotic and post-stenotic segments, were associated with thrombus in the stenosed segment. In patent carotid arteries, atherosclerotic lesions were found in the post-stenotic segments only. Atherosclerotic lesions developed where low and oscillatory shear stress were present simultaneously, whereas low or oscillatory shear stress alone did not lead to lesion formation. Conclusions: Low and oscillatory shear stress in combination promoted plaque development, including plaques with necrotic cores that are the key and dangerous characteristic of vulnerable plaques.
surgically induced stenosis of the common carotid artery is used to disturb common carotid blood flow thereby changing wall shear stress. In hypercholesterolemic mice and pigs, this can induce atherosclerotic plaques with morphology similar to human vulnerable plaques in the common carotid artery that is otherwise spared for atherosclerosis, even in hypercholesterolemic animals. [6] [7] [8] [9] [10] [11] [12] [13] Previously, conclusions on the effects of low and oscillatory shear stress have been made in the murine carotid stenosis model. [6] Wall shear stress was estimated based on Doppler ultrasound blood flow measurement and a theoretical model of the anatomy. It was concluded that low-shear stress proximal to the stenosis led to formation of lesions with a vulnerable phenotype and that oscillatory shear stress distal to the stenosis led to formation of lesions
INTRODUCTION
Vulnerable atherosclerotic plaques with a necrotic core may rupture and cause thrombosis. [1] This is the main mechanism underlying coronary and carotid thrombosis. [2] [3] [4] Low or oscillatory wall shear stress is thought to play a critical role in the development of atherosclerosis and may also affect plaque vulnerability. [5, 6] In experimental models, with a stable phenotype. This does not explain why plaque usually develops immediately proximal to the stenosis and not in the entire pre-stenotic segment, although this has the same low flow and shear stress, or why the left anterior descending artery and the carotid artery are more prone to atherosclerosis than the femoral artery, [14, 15] although wall shear stress is lower in the femoral artery than in the left anterior descending artery and the carotid artery. [16] Also, severe stenosis is associated with post-stenotic dilatation. With the same volumetric flow proximal and distal to the stenosis, post-stenotic dilatation should be associated with lower linear flow velocity and hence wall shear stress distal to the stenosis compared to proximal to the stenosis.
To address some of these unresolved questions, we aimed to investigate the relation between wall shear stress and local plaque development in surgically induced common carotid artery stenoses of hypercholesterolemic minipigs. Minipigs are closer to human size and thereby a more detailed assessment of carotid flow and anatomy is possible. We assessed carotid artery blood flow and anatomy with magnetic resonance imaging and performed a detailed description of local wall shear stress with computational fluid dynamics. Local development of atherosclerotic lesions was assessed by microscopic examination.
MATERIALS AND METHODS
This study was approved by the Danish Animal Experiments Inspectorate.
Minipigs and protocol
Te n m a l e c a s t r a t e d m i n i p i g s, w i t h f a m i l i a l hypercholesterolemia due to a low-density lipoprotein receptor mutation, [17] [18] [19] were fed an atherogenic diet for 18 weeks. After 4 weeks on the atherogenic diet, surgical stenosis of one carotid artery was induced by placement of a silicone collar, with an inner diameter of 2 mm, around the carotid artery. The intention was to create common carotid artery stenoses that reduced the common carotid artery blood flow by approximately 75%. The collar was made from a silicone tube slit open longitudinally. This allowed its placement around the artery. In place, the tube was closed with two ligatures to form the stenosing collar. The collar then divided the common carotid artery into three segments: A pre-stenotic segment, a stenosed segment, and a post-stenotic segment [ Figure 1 ]. Carotid blood flow was measured perioperatively in the proximal segment before and after the placement of the collar with a transit time flow probe. [20] To reduce the risk of clotting and thrombosis, the minipigs received unfractioned heparin in relation to the procedures and aspirin (150 mg daily) after the procedures.
During the study, the minipigs were weighed and blood samples were drawn after 2 weeks, 4 weeks, 14 weeks and 18 weeks on the atherogenic diet and analyzed for plasma cholesterol.
Carotid ultrasound
Carotid ultrasound was performed on sedated minipigs (azaperone and midazolam) 12 weeks after the surgery. Color Doppler and spectral Doppler investigation was performed (GE LOGIQ 9, GE Healthcare, Brøndby, Denmark) with a 4 MHz multi frequency curved array or a 10 MHz multifrequency linear transducer depending on the depth. Spectral Doppler data were collected twice in the proximal and stenosed segments. Flow volume was determined by software in the ultrasound device using mean flow velocity and artery diameter. Mean value of two measurements was used. The stenosis degree was determined by the peak flow velocity ratio between the stenosed segment and the proximal segment. [21] The highest peak flow value of the two measurements was used.
MRI and wall shear stress assessment
MRI was performed on seven of the minipigs immediately before termination of the study. During the scan, the minipigs were sedated with a continuous propofol infusion. From stacks of 45 MR images of each carotid artery, manual segmentations were performed using ScanIP (Simpleware Ltd., Exeter, UK) generating three-dimensional models of the carotid arteries. The models were further processed using ScanFE (Simpleware) in order to create a mesh for use with computational fluid dynamics. The mesh was imported into the Finite Element software Comsol Multiphysics 3.4 (COMSOL inc., Stockholm, Sweden). In Comsol Multiphysics, the inlet boundary conditions were applied to the models as time-dependent velocities. Velocity data were obtained from the MRI phase contrast flow measurement generating 20 measure points (time steps) during a heart phase of the average cross-sectional velocity of the carotid artery. The outlet boundary condition was a pressure condition with a value of 0.
Blood was simulated as being a homogenous Newtonian fluid with a density of 1030 kg/m and a viscosity of 3.6·10 -3 Pa·s. In all simulations, velocities at the wall boundaries were set to zero, the so-called "no slip" condition. Arterial compliance was considered negligible and was not included. Numerical time dependent simulations of blood flow within the carotid arteries were performed employing the generalized isothermal Navier-Stokes equation formulated as conservation of mass and momentum in Comsol Multiphysics. Wall shear stress data were derived from time-dependent simulations by calculating the viscous stress tensor τ and visualized using the postprocessing tools in Comsol. In addition, visualization of the blood flow streamlines were also performed using the Comsol Interface. From the time-dependent simulations, wall shear stress data were derived for each time step in the simulation. These data were further processed using Matlab R2007b (MathWorks, Natick, Massachusetts, U.S.) to visualize the location and magnitude of oscillatory wall shear stress.
Angiography
Conventional angiography was performed immediately before termination. Stenosis length and luminal diameters in the proximal, stenosed and distal segments, and angiographic stenosis degree ([1-stenosis diameter/ proximal diameter]·100) and distal dilatation (distal diameter/proximal diameter-1) was calculated.
Microscopic examination
The carotid arteries were excised and pressure fixed with 4% formaldehyde at 100 mmHg for 1 h and subsequently immersion fixed for 6-12 h. The arteries were sectioned at 4-mm intervals, paraffin embedded, and sectioned for microscopic examination. Hematoxylin and eosin and trichrome-elastin stains were produced on all sections. To support interpretations based on these staining methods, picrosirius red (collagen) and von Kossa staining in addition to immunohistochemistry for smooth muscle cells (AntiSmooth Muscle Actin, DAKO M0851), macrophages (Anti-Lysozyme 12, DAKO A0099 [22] ), and endothelium (Biotinylated Griffonia Simplicifolia Lectin I, Vector Laboratories B-1105, Vector Laboratories, Inc., Burlingame, CA, USA) were performed on selected sections.
Digital photomicrographs were obtained and measurements on areas and thicknesses were performed in Image J. Intimal areas were measured on digital images of all sections outside the stenosed segments. In the section with the largest intimal area, the intimal lesion was graded. In the stenosis, the most advanced intimal lesion was also graded. 
Statistical analysis

RESULTS
One minipig died during follow-up in relation to blood sampling.
Feeding, body weights, and plasma analyses
All but one minipig (84 kg) weighed between 30 kg and 50 kg at the end of the study. Mean plasma total cholesterol was 6.0 mmol/L (0.3 mmol/L) on standard diet at baseline and peaked at 21.6 mmol/L (1.3 mmol/L) on the atherogenic diet, and the rise in total cholesterol was mainly caused by a rise in the low-density lipoprotein fraction [ Figure 2 ]. 
Carotid flow and angiography
The data are presented in Table 1 .
One carotid artery was occluded and not included in the calculated means. Collar placement reduced perioperative transit time carotid blood flow by 66% (15%). By ultrasound [ Figure 3 ], the stenoses degree was 75% (17%) and the peak systolic flow velocity in the stenoses was 222 cm/s (91 cm/s). Evaluated with MRI, the stenoses reduced flow by 70% (29%).
One stenosed segment was occluded and not included in the calculated means. On MRI, the cross-sectional areas were reduced by 61% (13%) in the stenosed segment compared to the proximal segment. On conventional angiography, the stenosis length was 11 mm (1 mm), the diameter stenosis degree was 61% (14%), and the distal dilatation degree was 51% (22%).
Wall shear stress
The data are presented in Table 1 and summarized in  Table 2 . An example is shown in Figure 4 .
Wall shear stress in the three carotid segments was compared to a control segment in the contralateral carotid artery. Among the three carotid segments, wall shear stress was highest in the stenosed segment and it tended to be higher in the pre-stenotic segment than in the post-stenotic segment. Oscillatory shear stress was found mainly in the stenotic and post-stenotic segments and was more pronounced in the post-stenotic segments.
Microscopic examination
The data are presented in Table 3 .
Microscopic examination revealed that the cause of the occlusion seen in one pig was thrombosis. The thrombus was organized, indicating that it had occurred at the time of collar placement. In another of the stenosed segments, microscopic examination revealed a recanalized thrombus. This thrombus had probably also formed immediately after the surgical procedure and subsequently recanalized [ Figure 5 ]. In both these minipigs, the lumen was patent in the pre-stenotic and post-stenotic segments. In the carotid with the occluded stenotic segment, a plaque with a necrotic core was found both in the pre-stenotic and post-stenotic segments. One centimeter into the pre-stenotic segment, the plaque was 432 µm in maximal thickness and occupied 33% of the area within the internal elastic lamina. One centimeter into the post-stenotic segment, the plaque was 463 µm in maximal thickness and occupied 35% of the area within the internal elastic laminae. In the carotid with the recanalized thrombus, there was a plaque with a necrotic core 0.5 cm into the pre-stenotic segment that was 798 µm in thickness and occupied 55% of the area within the internal elastic lamina. In the post-stenotic segment, there was intimal xanthoma (fatty streak) of 351-µm thickness that occupied 6% of the area within the internal elastic lamina.
In the remaining seven minipigs, the stenosed segments showed no signs of thrombus. In these seven minipigs, the pre-stenotic segments had normal intima or adaptive intimal thickening. In the post-stenotic segments, two had atherosclerotic lesions. One had a 414-µm thick plaque without a necrotic core and one had intimal xanthoma (fatty streak). The remaining five minipigs had normal intima or adaptive intimal thickening in their post-stenotic segments.
Relation between atherosclerotic lesions and angiography, blood flow and shear stress
On MRI, the carotid with the occluded stenotic segment had very low flow and wall shear stress in the pre-stenotic and post-stenotic segments. However, oscillatory wall shear stress was very high (>0.41 in both segments) and there were lesions in both segments.
In the carotid with recanalized thrombus, angiography showed a high stenosis degree (83%) and pronounced poststenotic dilatation (74%). The wall shear stress was lower in the in post-stenotic segment than in the pre-stenotic segment, and there was more oscillatory shear stress in the post-stenotic segment. There were atherosclerotic lesions in both segments, but a larger more advanced lesion was found in the pre-stenotic segment.
One of the two minipigs with atherosclerosis in the poststenotic segment did not undergo MRI. Angiographically, this minipig had the largest degree of post-stenotic dilatation indicating that low and oscillatory shear stress may have been present in the post-stenotic segment. The other of the two minipigs with atherosclerosis in the post-stenotic segment, had low wall shear stress and a high degree of oscillatory shear stress observed in the patent carotid arteries in its post-stenotic segment. Notably, the post-stenotic wall shear stress was only onesixth of the wall shear stress in the pre-stenotic segment in this minipig.
DISCUSSION
In common carotid arteries of hypercholesterolemic minipigs, we evaluated the effects of blood flow and wall shear stress on local development of atherosclerotic plaques, including plaques with necrotic cores that are the key and dangerous characteristic of vulnerable plaques. Atherosclerotic lesions were found in both pre-stenotic and post-stenotic segments of an occluded carotid and a carotid with recanalized thrombus. In patent carotid arteries, two post-stenotic segments had atherosclerotic lesions, whereas no pre-stenotic segments had atherosclerotic lesions.
The relation between local plaque development and angiography, blood flow and shear stress
It has previously been reported that hypercholesterolemic mice and pigs develop atherosclerotic lesions in response to perivascular collar placement. [6] [7] [8] [9] [10] [11] [12] [13] In such studies, stenosis evaluation with flow measurements and angiography is not consistently performed. For the first time, we assessed carotid artery flow and geometry with MRI and described local wall shear stress with computational fluid dynamics on this basis. With this detailed description of wall shear stress, we were able to make two interesting observations that at least partially contradict common assumptions.
Firstly, it is often emphasized that the pre-stenotic segment has low endothelial shear stress and this is used to substantiate that low shear stress promotes plaque development and a vulnerable plaque phenotype. [6] However, we found that endothelial shear stress tended to be even lower in the post-stenotic segment than in the prestenotic segment. This is in agreement with the observed post-stenotic dilatation. With the same volumetric flow in the pre-stenotic and post-stenotic segments, linear blood flow velocities and endothelial shear stress should be lower in a dilated post-stenotic segment. Also, we found that the low post-stenotic shear stress was often associated with a high degree of oscillatory stress. Hence post-stenotic lesion development seemed as much linked to a high degree of oscillatory stress as to a low magnitude of wall shear stress. Secondly, it is often concluded that low shear stress promotes atherosclerotic lesion formation. [5, 6] In the present study, we found lesions at locations with the combination of low wall shear stress and oscillatory stress. However, we observed both pre-stenotic and post-stenotic segments without lesions despite the presence low shear stress. These segments were without oscillatory stress. We also observed areas with oscillatory stress and high wall shear stress. These areas, likewise, had not developed lesions. This indicates a combined pro-atherogenic effect of low wall shear stress and a high degree of oscillatory stress that at least exceeds that of low wall shear stress or oscillatory stress alone. The described dependency on oscillatory stress for atherosclerotic lesion development may explain, at least in part, why plaques are found close to the stenosis and not distant from the stenosis, even though the same low shear stress prevails here.
Thrombosis may interfere with interpretation
In stenoses with thrombosis or recanalized thrombosis, interpretation of not only flow, shear and imaging but also of the microscopic examination is more complicated. When a thrombus forms in the stenosed segment, the thrombus may extend into the pre-stenotic and poststenotic segments. Months later, a reorganized and endothelialized thrombus may be difficult to discern from a plaque as it can contain the same components, i.e., fibrous tissue, macrophage foam cells, smooth muscle cells, extracellular lipid, red blood cells or their remnants and calcifications. [23, 24] Strands of tissue taking off from the plaque into the lumen, and maybe even connecting with the opposite wall as a septum crossing the lumen, should raise the suspicion of reorganized thrombus. Also, when a thrombus occludes the stenosed segment but the pre-stenotic and post-stenotic segments remain patent as described here, there is no bulk flow in the artery and the blood flow more resembles waves washing on a beach. This leads to a low and oscillatory shear pattern as our results demonstrate. If the occlusion of the stenosed segment is not recognized and patency is re-established by recanalization, this may lead to biased conclusions. In this study, we identified an occlusion by imaging and confirmed this finding by microscopic examination, whereas the recanalized thrombus was only identified by microscopic examination of sections from the stenosed segment.
Thrombosis may give rise to local lesion development through temporary or permanent occlusion leading to marked alterations of flow and shear stress, or by reorganization of thrombus. In mice, complete flow cessation induced by carotid ligation leads to lesion formation beneath an intact endothelium and without thrombosis. The underlying mechanisms are being studied. [25] [26] [27] [28] In humans, the contribution of thrombus to the volume of existing plaques and its organization is well-described. [23, 24] 
Limitations
This study was of a relatively short duration, and a higher number of lesions and more advanced lesions may have developed over a longer study period. Although flow changes were measured perioperatively, it would be preferable to study the minipigs also with ultrasound and MRI earlier to further elucidate the effects of flow on lesion development in this model. The number of minipigs included in this study was limited, so although the study contains some interesting findings that can generate ideas and hypothesis regarding wall shear stress and atherosclerotic plaque development, it did not have the power to test or prove hypotheses.
A number of assumptions used in computational fluid dynamics introduce limitations to the interpretation of the link between shear stress and lesion development. E.g., we used the common assumption that arterial compliance could be neglected. However, arterial deformation by the pulse wave, especially as it suddenly meets a severe stenosis, may have effects on atherogenesis. These could also be part of the explanation for the observation that lesions preferentially form close to a surgically induced stenosis.
CONCLUSION
In hypercholesterolemic minipigs, we induced common carotid blood flow changes with a perivascular collar and describe effects of common carotid blood flow and wall shear stress on the development of atherosclerotic lesions. Atherosclerotic lesions were found in both pre-stenotic and post-stenotic segments of a thrombosed carotid and a carotid with recanalized thrombosis. In patent carotid arteries, atherosclerotic lesions were found in the poststenotic segments only, and development of atherosclerotic lesion development seemed dependent on the simultaneous presence of both low and oscillatory shear stress.
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